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The series resistor and Valet-Fert models widely used to describe the current-perpendicular-t@&Rne
magnetoresistances of ferromagnetic/nonmagri€tid) metal multilayers were recently claimed to be valid
only for mean-free paths shorter than layer thicknesses; otherwise the mean-free path was claimed to be an
important length scale in the CPP magnetoresistéahi®). This claim was based on observations of differ-
ences in the CPP MR’s, after the samples were taken to above their saturation magnetic fields, of two different
kinds of multilayers involving Co and Cu: interleavd@o(6)/Cu(20)/Co(1)/Cu(2Q), and separated
[Co(6)/Cu(20)n[Co(1)/Cu(20)y, with N repeats and thicknesses in nm. The maximum CPP MR’s of
separated samples were only about half as large as those for interleaved ones. In two short papers, we provided
experimental evidence that mean-free paths are not important length scales in the CPP MR by showing that the
differences in CPP MR'’s upon which the above claim was made did not change when the mean-free paths in
the N and F layers were reduced from well above to well below their layer thicknesses. We ascribed part of the
behaviors of interest to finite spin-memory Idspin flipping in the F and N metals, and proposed that the rest
might be due to spin flips at F/N interfaces. In the present papdawgesent further experimental evidence
against mean-free-path effectb) provide details of the calculations we use to analyze the data(@nde
measurements of magnetization and polarized neutron reflectivity to show that the differences in CPP MR are
not due to spurious differences in magnetic structure between interleaved and separated multilayers, but only
to the differences in the relative magnetic alignment of adjacent layers. Additional evidence for this last point
is our observation that the CPP MR’s of separated samples in their as-prepared states are as large as those of
the equivalent interleaved samples after they are taken to above their saturation fields. We show that similar
differences between interleaved and separated data appear also in the current-iCitalR’s and when
the Cu is replaced by Ag.
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. INTRODUCTION thicknessesy andtg, which appear only algebraically. This
dependence only oy andtg was tested early drf by com-
Understanding quantitatively giant magnetoresistancearing data in a particular form for samples with the sdme
(GMR) in ferromagnetic/nonmagnetid~/N) multilayers is  metal Co but different N metal<Cu vs C4%Ga, or Ag vs
important for science and technology. Based upon a wideg(4%Sn]. This alloying of Cu or Ag changelly by up to
range of data and analysis, it is widely accepted that thg factor of 20, but left ¥ and IS, long enough so that the
current-perpendicular-to-plane (CPP  magnetoresistance 2cSR model was expected to apply. Agreement of these
(MR) usually involves simpler equations than the more stangjatd-5°with the predictions of the 2CSR model implied that
dard current-in-plan€CIP) MR, and thus usually gives more the model represented a good approximation to the physics
direct access to the fundamental physics of GMRThe  nderlying the CPP MR of these metals, and seemed to show
CIP MR has three scaling lengths, thg mean-free path in thfhat)\N, )\'T:, and)\,i: are not scaling lengths of the CPP MR.
N metal\y and those for electrons with moments along Recently, however, the applicability of the 2CSR and VF
or opposite to\¢ the F-layer magnetization. In CIP-MR models was challengédd,based upon a combination of the-
equations, these lengths appear in exponential functions agetical analysis with observation of qualitatively different
ratios with the layer thicknessese.g., exptty/Ay). In MR'’s for two different geometries of samples composed of
contrast, according to the theory of Valet and R&f),>in  Co layers with thicknesset,=6 nm or 1 nm alternated
the CPP MR the scaling lengths are the spin-diffusionwith Cu layers thick enought{,=20 nm) to eliminate ex-
lengths(spin-flip lengthg in the N and F metald andlf.  change coupling between the Co layers. The geometries are
Since scattering events with spin flips are usually only acalled “interleaved” [Co(6)/Cu(20)/Co(1)/Cu(2Qy or
fraction of all scattering eventk is normally expected to be “separated” [Co(6)/Cu(20)\[Co(1)/Cu(20)y, Where
longer than\. When these lengths are longer than their re-italic N indicates the number of repeats. Because the satura-
spective layer thicknessé§>tN, andl§f>tp, they drop out  tion magnetic fieldHg of Co layers of macroscopic area in-
of the CPP MR, yielding a simple two-current series resistorcreases with decreasirtg,, the use of two very different
(2CSR model. In that model, the only lengths are the layervalues oftc, should allow for antiparallelAP) alignment of
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the magnetic moments of thin and thick Co layers over ahe second, shotff was taken as part of the explanation, but
limited field range. AnalySiS of experimental data should thu%ossitﬂe Spin_memory |OSS at F/N interfaces was a|so pro-
be straightforward. Because the only lengths in thg serie§osed. In contrast, the authors of Ref. 10 argued|fffaand
resistor CPP-MR equations arg, andtc,, those equations | Cu\yere to0 long for spin-memory loss within the Co and Cu

predict tha_t the_MR’s of separated and interleaved sampleg) o important. They argued that the 2CSR and VF models
should l_ae |de_ntlcal. ) - _ break down when the mean-free paths become larger than
The filled cwcles_and solid curves m_Flg.((hbtamed after o layer thicknesses—that “mean-free-path effects” then
t_he samples were first take.n to saturatishow that we con- appear. Their argument is not simply one of changing mag-
firm thoe differences in AAR(H)=AR(H)=AR(P) iy de of AR as the resistivitiegr and py of the F and N
reported® for interleaved and separated samples V\tgt; layers changgWe will see in Sec. Il thapg and py, appear
=6 nm and 1 nm and,=20 nm forN=4, 6, and 8Ais oy yjicitly in the 2CSR and VF models, and that these models
the sample area through which the CPP current fl&(81) 4 approximately account for the observed changes in mag-
is the CPP resistance ldt and P indicates the high field limit . 4o of AR(H) due simply to changes ipy and/or pe.]
where the Co layer magnetizations are all aligned pardel  paiher they argued that ratiod. appear explicitly in equa-
to each other. For interleaved samples, the AP states occur gt < that differ from those of both the 2CSR and VE models.

the maxima ofAR(H). For separated samples, we must dis-if they are correct, then the differences in behavior in Fig. 1
tinguish between two different AP states, the filikte that of ¢, (g gradually disappear as the ratin is increased.

interleaved samplg¢swhere alternate-layer magnetizations  This claim was tested in two way&14First, we replaced

are aligned AP, and the second where the magnetizations @iy, py a dilute C(2%Ge alloy (hereafter just CuGewith a
thick and thin layers are aligned AP. The solid symbols inghort mean-free pathc,ce~8 nm, but a long spin-diffusion
Fig. 1 show that th&R'’s for the second statéplateaus” for length |gque~ 130 nm?*3 Such alloying should mainly re-
H~250 Oe, see Sec. IV)Adiffer from those for the AP state  gyce) . As shown in Fig. 2 for samples identical to those
in the interleaved samplepeaks atH~250 Oe). In con- iy Fig. 1 except with Cu replaced by CuGe, increasing the
trast, as we will discuss in detail in Sec. IVA, the open aiio teu/Ney DY Up to a factor of 25from ~1/5 for our
symbols and dashed curves for the separated saripe&  gptered pure Cu te-5 for the thickest sputtered CuGe
sured while the samples were first taken to saturatshiow layers in Fig. 3 and Ref. 2%roduced no significant change
that the first statélocated atH=0 for this condition—see fqm Fig. 1 in either the forms or relative magnitudes of
Sec. IVA gives AR roughly the same a8R(AP) for the  nterleaved and separated samples. Second, in addition to
interleaved state and, more importantly, closely similar Va"replacing Cu by CuGe, we also replatéthe 6 nm Co lay-
ues of AAR=AR(AP)—AR(P). We can, thus, make the ex- grs py 15 or 30 nm thick layers of 29421 (hereafter just
perimental quantitieAR(AP) and AAR almost unique by CoZzn and the 1 nm Co layers by 30 nm thick layers of Py,
limiting the use of the symbdAR(AP) to the case where the poth of which have mean-free paths much shorter than these
magnetizations c&djacent layersre aligned AP. For a sepa- |ayer thicknesses. If anything, the differencédg. 4 and
rated sample in the second state, we will not use the symb@def. 14 increased. Such behavior is opposite to that ex-
AR(AP), but refer only toAR(H) for the AP state. These pected from mean-free-path effects, but is expected if the
definitions give CPP MR{l)=AAR(H)/AR(P), with maxi- ~ cpPp MR is dominated by short spin-diffusion lengths in
mum CPP MR=AAR/AR(P). In all figures showing Cozr and Py.
AR(H), the scale divisions for interleaved and separated Qur data, thus, strongly suggest that the ratio is not
samples are the same, allowing direct visual comparison dfriving the differences in behavior shown in Fig. 1. The
their forms and magnitudes. question then remains, what is driving those differences? In
The solid curves oAR(H) for the interleaved samples Secs. Il and IV, we show that the differences can be partly
consist of a single broad peak, symmetric abidut0. This  attributed to spin-memory loss in the bulk metals, and the

is the qualitative behavior expected from the 2CSR model agest can be reasonably well fit by spin-memory loss at Co/Cu
the magnetic order of the layer magnetizations in the samplgterfaces?

reorients fromP at highH to AP for values oH between the The rest of this paper is organized as follows. In Sec. II,
saturation fields of théc,=6 and 1 nm layers. The solid we briefly describe sample preparation, sample characteriza-
curves ofAR(H) for the separated samples, in contrast, araijon, and our experimental procedures. In Sec. Ill, we first
more complex, with maximum values dAAR(H) only  review theoretical issues and the 2CSR and VF models. We
about half those for the interleaved samples. For the smallesiten describe the VF-based numerical calculations that we
N shown (N=4), there is a sharp peak followed by a broaduse to analyze our data. Finally, we consider what effects
plateau. For the largesN(=8), there are two separate peaks, would be produced by spin-memory loss at F/N interfaces. In
corresponding almost to the sum of separate contributionsec. IV we present additional data and analysis. Crucial to
from the 6 and 1 nm Co layers. any simple interpretation of the data is the requirement that

Differences inAAR(H) for interleaved and separated the magnetic structures in interleaved and separated samples
samples similar to those in the solid curves in Fig. 1 werenot differ in spurious ways. We use magnetizatidn CPP
reported previously in samples of Co and Permalloy (PYMR, and polarized neutron reflectivity measurements to ar-
= Ni;_«Fe with x~0.2) with Ag** or Co and Fe with Cd?>  gue that they do not. Section V contains a summary and
In the first case, the difference was attributed to sHgrtin  conclusions.
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FIG. 1. AR(H) vsH at 4.2 K for interleavedtop of each paijr

and separatebottom of each pajrmultilayers of Co/Cu withN
=4, 6, and 8. The scale units for each coupled pair are identical. FIG. 2. AR(H) vs H at 4.2 K for interleaveditop of each

The open squares and dashed curves showAR(iH) varied when  pair) and separatetbottom of each pajirmultilayers of Co/CuGe

first taken from the as-prepared state to the saturated state. Theth N=4, 6 and 8. The scale units for each coupled pair are
filled circles and solid curves show how it varied after having beenidentical. The symbols and curves have the same meanings as in
taken to saturation. Fig. 1.
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FIG. 3. AR(H) vsH at 4.2 K for interleavedtop) and separated
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The symbols and curves have the same meanings as in Fig. 1.
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Il. SAMPLES AND MEASURING TECHNIQUES
AND PROCEDURES
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are all described elsewhefeWe note here only that the
samples were sputtered in a chamber with masking capabil-
ity, so that the entire sample was sputteiaesitu. Each
sample consisted of arr1.1 mm wide, 250 nm thick Nb
bottom strip, a wider portion of the sample composed of a 20
nm Cu (or CuGe second layer and then the multilayer of
interest, and finally a second1.1 mm wide, 250 nm thick
Nb top cross strip, oriented perpendicular to the first one.
The area through which the CPP current flows is tihus
~1.2 mnf.

The CY2%G9 layers were sputtered at a rate-e nm/s
from an alloy target prepared by induction melting. Van der
Pauw resistivity measurements at 4.2 K of six different sput-
tered films gavep=80=5 n(m, corresponding to 2%Ge and

=8=1 nm?® Sputtered films analyzed by electron energy-
dispersive scatterinEDS) gave a similar value-2.5%Ge.
The Py and CoZr alloys were sputtered-a®.5 nm/s from
targets made for other studies. Their parameters will be given
in Sec. lll.

To avoid the strong diamagnetism of a superconductor,
magnetizationdM were measured at 12 K, above the super-
conducting transition temperatufe-9 K) of our sputtered
Nb. M was measured both on entire sampl@fowing com-
parison of absolute magnitudes for interleaved and separated
samples and also on theA~1.2 mnf “central pieces”
through which the CPP current flows. Similar results were
obtained with both geometries.

The magnetic structures in these samples were also char-
acterized using polarized neutron reflectiviNR), which
is sensitive to the interaction between the sample’s magneti-
zation and the magnetic moment of the neutron. PNR mea-
surements were performed at the NIST Center for Neutron
Research on multilayers prepared in the same way as those
for the CPP-MR studies, except that the samples were
squares, 1.27 cm on a side, and sputtered directly onto the Si

The shapes of our samples, the use of superconducting Nfypstrates instead of onto Nb. All PNR measurements were
leads to ensure uniform current, and the details of our spuimade at 17-18 K after cooling in zero field in a closed-cycle
tering system and techniques, and general sputtering rategfrigerator. An electromagnet provided a maximum field of

FIG. 4. AR(H) vs H at 4.2 K for an interleavedtop) and a
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2 kOe. Using neutrons of wavelengit+0.475 nm on the
NG-1 reflectometer, we measured the non-spin-fNSFH
reflectiviiesR** and R™~, as well as the spin-flifSP
reflectivities R*~ and R™*. (The + and — signs in the
superscripts describe the polarization state of the incident
and scattered neutron spins. These spins are aligned either
parallel + or antiparallel— to the applied field. The selec-
tion and detection of the neutron spin state is described
elsewheré® The NSF reflectivities sense the chemical struc-
ture of the multilayer, and the splitting betwe& * and
R~ is sensitive to the component of the in-plane magneti-
zation parallel to the applied field. The SF reflectivities are
primarily sensitive to the projection of the in-plane magneti-
zation that is perpendicular to the applied field. We measured
both the specular and diffugee., off-specular reflectivity

as a function of the wave vect@,=4m sin6/\, where@ is

the angle of the incident and scattered neutrons relative to
the sample surface. We obtained the diffuse data by offset-
ting the sample normal by 0.1° relative to the specular scat-

separatedbottom) multilayer composed of CoZr, CuGe, and Py. tering condition and then scannirt@,. These diffuse mea-

The symbols and curves have the same meanings as in Fig. 1.

surements provide general information about the growth-axis
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correlations among in-plane ferromagnetic domains with di-Comparing Figs. 1 and 2 shows that this simple prediction
mensions smaller than 1Qom (Refs. 17-19and were also gives a decent first approximation to the relative behaviors
subtracted from the total reflectivity to give the specular retherein.
flectivity. After next correcting the specular data for the effi-  In contrast, when spin flipping occurs, VF theory gives
ciencies of the polarizing elementhich range from 92— more complex equations, where the rattsl 5 and ty /I’
100%, fits to the data yield a profile of the vector jnhear as arguments of exponentfaxcept in the simplest
magnetization as a function of depth for regions of theaqes the VF equations must be solved numerically. The
multilayer with ferromagnetic domains Ialrgger than approxi-ocsr model s the limit of VF theory when these ratios are
mately 100um within the sample plan®, small. For this reason, we believe that an argument made in
Ref. 10 is incorrect. Specifically, the authtfrslaimed that
Il. THEORY the 2CSR model is some kind of a “local model,” and that a
A. Free-electron models model involving contributions té&\R only from neighboring

. e . F layer is “nonlocal.” Instead, the 2CSR model is the ex-
When electronic transport occurs via diffusion, and spin . P » . ) .
flipping is rare, it is accepted that free electron analysis o}re_:me limit of a r_10n|o<_:a| ”?Ode" in whichAR is o_leter-
the CPP MR yields a simple 2CSR model R(AP) and mined by the rglatlve_orlentatlons of all of tkelayers |r‘1‘ the
AR(P) 14519 this model, the totaAR of the sample in sarpple. We. will see in Sec. llI C that the so—ca!led no_nlq—
each state is given by the parallel combination of the serie§& mode; is equivalent to the extreme opposite VF limit
sum for each current channgi.e., electron moments wheretg/l 4 is very large. The model designated “nonlocal”
along or opposite to the direction of positivé) of resis- IS, in fact, the most “local” model that gives a CPP MR.
tivities times layer thicknessesctcy, pTCOtCO' and PéotcO
plus areas times interface resistanée®:,c, and ARL,c,-
We also define scattering anisotropy paraméteg=(p&,
—pt)(peotply) and y=(ARLyci— ARLyc)/ (AR ey So far, we have ass.umclad free—el_ectron metals. But it now
+AR£O/C[)‘ We focus uponAR(AP) and AAR. For both  seems that, absent spin-flip scattering, CPP-MR data should
interleaved and Separated Samp|es Wmﬂayers of Cu with conform to the form of the 2CSR model even for metals with
tc,=20 nm andN layers each of Co witlic,=6 nm or 1  real band structures, so long as the transport is completely
nm, the series resistor model gives the same expressions: incoherent? In this limit, the remaining issue seems to be
whether the interfacial specific resistan&g,, can be ex-
AR(AP) =2ARypicot 2NpcyX (20 nm) +Npg X (6 nm) plained solely on the basis of differences in band structure,
% or whether interfacial mixing and roughness are also impor-
TNpeoX (1 nm)+ANARS,c, @ tant. Calculations that allow some coherence, limited by ei-
and ther bulk disordel® or interfacial intermixing’* show devia-
tions from the 2CSR model. In Ref. 10, such deviations in
AAR=4NZ[ Beopto X (6 NM)+2ycocARE el the presence of bulk disorder, but with mean-free paths
. . longer than the layer thicknesses, were called “mean-free-
X[ BeapcoX (1 M) +2ycoc AR cd/ AR(AP), path” effects and were proposed to explain the data of Fig. 1.
(2)  The experimental question before us is when such effects are
significant.
As noted in the Introduction, a wide range of CPP-MR
. ; ! datd~8involving F= Co and N=Cu or Ag are well described
are, of COUVSE’_ included in actual calculatipn8ARyyco by the 2CSR model. Also, where differences in form of the
=(6=1) fOm”is twice the Nb/Co interfacial specific esis- ~pp_\R data for interleaved and separated samples of Co/
tance,pcy is the lndependezntly measured Cu res_'St.'V!ﬁ&’o Ag/Py/Ag (Ref. 1) and Co/Cu/Fe/Cu multilayets were
=(ptot pedld=pcol (1— B?) is the average resistivity of seen earlier, they could plausibly be attributed to finite spin-
Co in the AP state, andR¢,c,= (ARCycy™ ARcoc)/4 i diffusion lengths in the Py and Fe. While the authors of Ref.
the similarly averaged Co/Cu interface specific resistance. 10 did not formally challenge this latter interpretation, one
For our present purposes, the most important features afubsequentf? raised the possibility that the differences
Egs. (1) and (2) are the following.(1) The only lengths in  seed'!?might also arise from mean-free-path effects instead
Egs.(1) and(2) are the layer thicknessgsandty . (2) Ifthe  of finite spin-diffusion lengths. To test this possibility, we
Cu is doped with a dilute concentration of an impurity, suchreplaced the 6 and 1 nm thick layers of Co in interleaved
as Ge, that increasgsg,, but leaved long and does not multilayers with much thicker layers of alloys that have
significantly change8co, Ycoicus OF AREycur thenAR(AP) much higher resistivities and thus much shorter mean-free
should increase only by the increase pid,cdcuce OVer  paths(see Fig. 4. Based on prior studies, we chose 30 nm
pcdcu, andAAR should decrease only because of this in-thick layers of Py(a well studied “lowH" alloy) to replace
crease iNAR(AP) in the denominator of Eq2). Quantita- the 1 nm thick Co layers, and 15 and 30 nm thick layers of
tively, Eqg. (2) then predicts that replacing Cu by CuGe CoZr (an alloy with a large resistivity per atomic percent
should reduceAR by the ratiol AR(AP)c,/AR(AP)cucd.  impurity®®) to replace the 6 nm thick Co layers. Independent

B. Possible real Fermi surface effects

where, for simplicity in writing the equations here, we have
neglected differences betweBhnandN— 1 (such differences

054424-5



K. EID et al. PHYSICAL REVIEW B 65 054424
measurements of the resistivities of our sputtered Py and TP T T 7T
CoZr give pp,~120 Mim (Ref. 23 and pcoz~200 Mdm -, =6
(Ref. 24. 6 1‘ RIS Interleaved e
o ) ) 5k ~ b
C. VF theory with interfacial spin-memory loss “g 1
In Sec. IIA we wrote down the 2CSR equations that & 4 \ ]
apply equally well to both interleaved and separated samples. F S Separated
In VF theory, in contrast, the equations for interleaved and % 3 - “'7 P
separated samples differ. Qualitatively, if spin-memory loss < » b\
occurs in the F or N metals, or at F/N interfaces, but is not ! \
too strong, therAAR for interleaved samples is only mod- 1k
estly affected by such loss, bAAR for separated ones is :
substantially reduced due to “GMR decoupling” of different 00' — -0'5- 1 1'5- ; 2 - '2 S

layers that are far apart. The VF equations are so complicated
that we must solve them numerically. We briefly describe our I
procedure and some results.

VE th treat . larized t ¢ th h FIG. 5. Calculated values oAAR vs §, for interleaved and
eory ftreals spin-polarize ranspor roug aseparalted multilayers wittN=6. The solid curves include the

multilayer in_ terms Of, spin dependent, spatially Va_rying'Co/Nb contacts; the dashed curves are the same calculations but
electrochemical potentials and currents. Each layer is chag;ihout those contacts. The filled circles correspond to(Bwith

acterized by two lengths, the layer thickness and the layef—11 for the interleaved case and=1 for the separated one.

spin diffusion lengtH . At the layer boundaries, the chemi-

cal potentials and currents are matched, taking account Gfistance. Fow, =0, the largerAAR for the interleaved and
interfacial specific resistances where needed but neglectmgsparated samples follows from E@) simply by setting
any mtgrfamgl spin memory loss. Fert and E.%mg:luc'Jed ARypco=0 in the denominatoAR(AP)—see Eq(1). Both
interfacial spin-memory loss by defining a “spin-flip” inter- gashed curves now decrease monotonically with increasing
face r_esstance_. We use an alternative procedure for F/l\_l INs, (increasing interfacial spin-memory l9sand join nicely
terfacial spin flips that builds upon our treatment of spin-5nto the solid curves for largé, . By large §,, the two
memory loss at interfaces between nonmagnetic métE#e  Co/Nb interface resistances have dropped out of the
represent the F/N interface by an additional “laye){  proplem—in this limit,ARypc, can be set to zero. The initial
taken to be a homogeneous slab of thickrigssesistivity  rise jn AAR in the solid curve for the interleaved sample is a
[ blulk scattering a}nlsqtropyﬁl (choseln equgl to the in- consequence ofARyyc, gradually dropping out of the de-
terfacial 7F/N)*and spin diffusion length, subject to the  nominator of Eq(2) as 8, increases. This rise is an example
constraintARE, = pit; . VF theory then involves matching of a counterintuitive behavior of CPP transport in the pres-
electrochemical potentials and currents at the boundaries ence of a large contact resistance—increasing spin-memory
this | layer with the F and N metals. Such matching dependsoss can initially cause the CPP MR iticrease?”®

only on two parameters, the interfacial spin-memory-loss pa- |n the limit §,>1, the samples reduce to a linear combi-

rameters,=t, /I, and the producp,|l;. However, the con-
straint ARE\=pit, lets us write p||4=ARE,/ 8, leaving

only a single independent paramei&rto control the pro-
cess, independent of any particular choice,efi.e., t, turns

out to be arbitrary.

We have written programs to solve the VF equations for

interleaved and separated samples uplte8 (equivalent to
a standard F/N]y multilayer up toN=16). As an example

nation of units consisting of the Cu interlayers bounded by
two thin slices of Co/Cu interface®f thicknessll). AAR
can then be described by E®), which is a simple extension
of Eq. (2) to this limit:

an(Bipr1L)?

AAR=—— ,
2p7 It pedeu

()

of a solution, we show in Fig. 5 the calculated dependenceﬁ,here for Separated Samp|gF1 and for interleaved

of AAR upon §, for interleaved and separated Co/Cu

samples wittN= 6, taking the Co and Cu parameters in Ref.

27 and assuming, for simplicity$°=15"=c. The only un-

known in the problem is the@, . The solid curves include
the Nb/Co interface resistano®Rypco=3 fQm?, at each
end of the sample. For the interleaved samplAR passes
through a weak maximum with increasing . Over the
range fromd,=0 to §,=1, AAR varies by little more than
10%. In contrast, for the separated sampl& R decreases
monotonically and rapidly; bys,=1 it has dropped by
~75%. To clarify the source of the weak maximum in Fig.

samplesn=2N—1. As expected, the solutions of E(B)

(solid circles in Fig. % agree with the numerical solutions
(curves in the larged, limit. These two limits of Eq(3) are
equivalent to the results of the “nonlocal” mod@AAR for

the interleaved samples is the sum of contributions from
2N—1 sandwiches composed of two Co/Cu thin slices on
opposite sides of each Cu layer, because the magnetizations
reverse from each Co layer to the next. Importantly, as
shown by the open squares and dotted curves in Figs. 1 and
2, this same value 0AAR is seen in the as-prepared state of
separated samples, and almost the same value is seen in the

5, we display as dashed curves in Fig. 5 the same calculatioas-prepared state of interleaved ones. We will see in Sec.
but now takingARy,co=0; i.e., neglecting any contact re- |V A that the magnetizations of adjacent layers also reverse
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40 ' - ' - — 40 on the previous 2CSR model analysis of data[fGo/Cu]y
a5 | 35 = (Ref. 6 gnd[Co/Ag]N (Ref. 7)'multilayers wi'gh equal Co
> layer thicknesses, only requiring renormalization of the
o 30 30 Z model parameters by amounts small enough to lie within the
E > previously specified uncertainties.
a 25 25 5 . ; .
= > In contrast to having little effect on both interleaved
20 20 =, samples and simplgCo/Cu]y multilayers, Fig. 5 shows that
< ~ including interfacial spin flips withs,=0.25 has a large ef-
C 15 15 X : .
< = fect on separated samples, and we will see in Sec. IV that it
10 10 S can also cause larger changes in Co-Cu based exchange-
e biased spin valves.
5 5 In previous papers'*we have referred to the value of
0 ! ! L ! L L1y 6,=0.25 as corresponding to 25% spin-memory loss at an
6 8 10 12 14 16 FIN interface. For spin-memory loss at N1/N2 interfaces, the
N ratio 6=t/ly4 appears iINAAR as a simple exponential,

FIG. 6. Calculated values ofAR(AP) (left scald and exp(— ) and exj—0.29~0.78 corresponds to a 22% reduc-

VAR(AP)[AAR] (right scale for multilayers with total thickness tion in AAR. When_5 is not too large, it thus apprQXImat_eS
—360 nm and either fixetb,=6 nm orte,=tc,. Filled circles are € Percentage spin-memory loss. In contrast, Fig. 5 illus-
for the 2CSR model. Solid curves are VF calculations wii ~ rates that the situation for F/N interfaces is more complex—

=500 nm,|$°=60 nm, ands;=0.25. e.g., in interleaved or simplgF/N]y multilayers, 5,=0.25
can produce little change MAR. So in the present paper we

simply describe the results produced &y 0.25, and never

from Co layer to Co layer in t.he as-prepa.red state of thereJer to a consequent percentage spin-memory-loss.
separated samples and approximately also in the as-prepare

state of the interleaved ones. In contrast, after the separated
samples have been taken to saturat&wlid symbols in Figs. IV. DATA AND ANALYSIS

1 and 3, the magnetizations of adjacent Co layers at the e first consider whether the differences in Figs. 1 and 2
intermediate field corresponding to the AP state are all pargq|q arise from unwanted differences in the magnetic struc-
allel to each other, except at the boundary between the W, es of interleaved and separated samples. We conclude that
different Co thicknesseAAR then contains a contribution any such differences are too small to be important. We then
from only the' one pair of Co Iayers for which the adjacentgyamine differences iMR(H) between interleaved and
layer magnetizations are opposite to each ofher, nown  geparated multilayers with various constituents and propose

=1inEq.(3)] S _ _an interpretation of the results obtained.
We now consider what effect finite interfacial spin-

memory loss withd, = 0.25 would have on the Co/Cu param-
eters that were previously derived assuming no spin-memory
loss®?” Those parameters were derived usjigN]y multi- We looked for differences in magnetic order between in-
layers in which all of the F and N layers were identical, i.e.,terleaved and separated samples in three w@y®y direct
samples effectively “interleaved.” The solid or dashed comparison oM for interleaved and separated samplés.
curves for interleaved samples in Fig. 5 show tAaR is By comparing howAR(H) varies for both kinds of samples
not sensitive to the presence 6f, until 6, becomes larger when they are first taken from their as-prepared state to their
than about 1. More generally, a nonzee<0.25 makes little  saturated state and thereafté8) By scattering polarized
change in the linear variations with the thicknesgeandt,, ~ neutrons from interleaved and separated samples.

of the quantitiesAR(AP) and VAR(AP)[AAR] used to de-

termine 2CSR model parameters for multilayers of the form 1. Comparison of M for interleaved and separated samples

[Co/Culy.>" To show this behavior quantitatively, Fig. 6  Figure 7 compares the values M for whole interleaved
uses the parameters for Co and Cu given in Ref. 27 to calyng separated samples with both Cu and CuGe nonmagnetic
culate AR(AP) and VAR(AP)[AARY] for fixed tc,=6 NM  metals. In both cases, the twids are nearly the same. Im-
and fortc,=tcy as functions oN. The filled circles are cal- portantly, the fields at which the AP states occur are the same
culations with the 2CSR model assuming no spin-memoryo within our measuring uncertainties. Figure 8 shows similar
loss anywhere. The solid curves are the VF model includinghehaviors for pieces of samples involving just the areas
spin-memory loss both in the bulk Co and Cu and at thehrough which CPP current flowed. In both figures, the ratios
Co/Cu interfaced §'=500 nm, 1g°=60 nm, and$=0.25.  of changes in magnetization as thick and thin layers flip are
The differences between the filled circles and solid lines ar@bout the expected 6 to 1. The peak@iR(H) for the sepa-
small, and the forms of the two sets of data are very similarrated samples in Figs. 1 and 2 after saturation occur about
Recalculating the solid curves assuming, instddf=15"  where the average layer magnetizations pass through zero for
= makes almost no change. A similar analysis for an infi-the thick layers(~100 O¢ and the thin layer$~725 Og,

nite multilayer also produces little change. We conclude thatespectively. Figure 8 contains the variations when the
adding interfacial spin flipping witl$,<0.25 has little effect samples were first taken from their as-prepared states to

A. Magnetic order
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K. EID et al.
3 Ca k8], T2 15K 2. AAR(H) before and after saturation
~ 2fx Interleaved ..cscxcppsins s Figures 1 and 2 show that the differences between
3 _ [+ Separated {’QM 4 ; ;
£ 1 f#T P AAR(H) for interleaved and separated multilayers are the
o of § iap 1 same whether the samples contain Cu or CuGe. Once the
'2 1F P ‘l"% : (a) samples have been taken to saturation, these differences are
E' 3 LW“JE ] large. In contrast, when the samples are first taken from their
2w # e ns ] as-prepared states to saturation, the differenceSAR(H)
: A S are much smaller. If we definBAR(0)=AR (as prepared)
CuGé(xa)',T=i2K ‘ O —AR(P) for both interleaved and separated samples, and
5 2ix |nter|eaved§wmw-ﬁ T AAR(peak)=AR(peak)-AR(P) for interleaved samples,
g 10+ SePa’a‘ed§ r@é& p i then we find thatAAR(O) for separated samples is essen-
% OF AP§ fAP ] tially the same a®\AR(peak) for interleaved ones, and that
= 4: P ¢ (b) ] AAR(0) for interleaved samples is about 85% of
= 2 ¢H§ AAR(peak) for interleaved ones. Because of the differences
3 ] in Hg for 1 and 6 nm thick layers of Co, we expect the
- magnetizations of adjacent layers in interleaved samples to

-1000-500 0 500 1000

H (Oe) be oriented nearly AP at the “peak” oAR(H) after the

samples have been taken to saturation. For these samples we
thus expecAAR(peak=AAR. Figures 1 and 2 then show
that separated samples for both Cu and CuGe also have
AAR(0)~AAR, simultaneously arguing that adjacent layers

in the as-prepared states of separated samples are also or-
aboveH,, in addition to those when they were cycled to dered AP, and thabAR is experimentally well defined, in-
below —Hg and back to aboverH,. In the as-prepared dependent of whether the thicknesses of adjacent layers are
states, both magnetizations in Fig. 8 are close to zerddAs the same or different. In contrast, for interleaved samples
is increased from zerayl initially increases rapidly up to AAR(0)~0.8%AAR, indicating that, in the as-prepared state,
H~200 Oe, then more slowly to abot¢,. Both changes adjacent layers are not fully AP ordered.

are only about half as large as those over the same field range We interpret theséR results as follows. As just noted,
after the samples have been taken to abidye These dif- the close agreement betwedd\ R(peak)~AAR for inter-
ferences in magnetization changes before and after saturatideaved samples andAR(0) for separated ones shows that
mean that the magnetic structures of the samples differ bdoth the peak states of interleaved samples, and the as-
fore and after the samples are taken abblye To help un-  prepared states of separated samples, are very close to the
derstand the nature of this difference, we examine the relatddeal AP state with magnetizations of adjacent Co layers re-
changes iPAR(H) before and after reaching saturation. ~ Vversed. The slightly smaller values AAR(0) for the inter-

FIG. 7. M vs H at 12 K for interleaved X) and separate¢H-)
samples with Cu(a) and CuGe(b) with N=8 for te,=tcuce
=20 nm. P and AP states are indicated.

0.2

cu ()(8) T TSIV (311
‘ Interleaved W

*0 00y

leaved samples indicate that their magnetic orders deviate
slightly from such AP states, a discrepancy we discuss below.
For the interleaved samples, oppositely directed magnetiza-
tions for thick and thin layers in the as-prepared and peak

g o ‘T=12K f states would lead tW # 0 if the layers were single domain.

8 o Center <El However, from our observations thist(H = 0)~0 (Fig.

° E : 8), as well as evidence of micron-sized domains in other

= -01; § : studies'® we argue that the as-prepared states of both inter-
3 j ' leaved and separated samples consist mostly of micron-sized
teseassacnnaeti AP ordered domains that extend from the top to the bottom
: Cu (x8) ] of the sample, but with the magnetizations of either the

0.1 Separated 'St ey thicker or thinner Co layers oriented randomly “positive or

t T=12K 3 negative” in the layer planes. As discussed in Ref. 18, such
: Center i ordering is probably due to the fringe fields from the ends of

M ( 10°emu )
o

‘.oooo-..

-1000 -500 0 500 1000
(Ce)

magnetic domains. To simplify, if the bottom Co layer con-
sists of small magnetic domains pointing only in opposite
directions, such as those shown on the left sides of the fig-
ures for interleaved and separated samples in Fig. 9, then the
fringe fields from these domains will act on the newly grow-
ing Co layer above to orient its domains antiparallel to those

FIG. 8. M vs H at 12 K for center-cut pieces of Cu interleaved in the bottom layer. If the layer thicknesses are all the same,

(top) and separatedlower samples including both data from the this process could, in principle, yield the “ideal” as-prepared
as-prepared state to saturation and then from positive saturation &ntiparallel order in vertical domain structures shown in Fig.

negative saturation and back again.

9. In separated samples, the thicknesses of adjacent layers
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Interleaved Separated T T T 7 L T — 1
0 .
As-Prepared After H As-Prepared After Hy
Co—» Co * Co +— Co—»  Co Co +—— = 1 T
Cu Cu Cu Cu Cu Cu “§
Co 4 Co —» Co —» Co < Co —» Co — -03 2 -
Cu Cu Cu cu ca o g
Co —p» Co <+ Co 4+— o o — F— &) a3k |
Cu Cu Cu Cu Cu Cu \-/O
Co & (o Co —» Co Co —» Co —» _'8') 4+ Interleaved i
FIG. 9. Schematic, approximate pictures of inferred magnetic - H =250 Oe
ordering for interleaved and separated samples in their “as- -5} =
prepared” state and after they have been taken to saturation an . [ 1 A -
then the field reversed only enough to flip the thicker Co layers. 0.0 0.2 0.4 0.6 0.8 1.0 1.2

are also all the same, except at the single boundary betwee
thick and thin layers. In the as-prepared state, we, thus, ex
pect almost as ideal AP domain structures as in simple
[ F/N]y multilayers. In interleaved samples, in contrast, adja-
cent layers always have different thicknesses. If the first
layer is thick, its fringing fields will not be fully “taken up”

by the second layer which is thinner, leaving some field lines
to extend up to the third layer and compete against the
smaller fringing fields from the second layer. This difference
is compatible with a less ideal AP order of the as-prepared
states of interleaved samples and the smaller values o 200 300 400

AAR(0) ?n Figs. 1 and 2. Figure 9 shows the ideal pictL_Jres Depth (nm)

of the differences between as-prepared samples of inter-

leaved and separated samples, and the same samples aftelrIG. 10. Specular neutron reflectivity data and fits plotted as a
being taken toHg and then having the field reversed only function of the wave vectorQ, of an interleaved sample
enough to flip the thicker layers. In the as-prepared state$Co(6)/Cu(20)/Co(1)/Cu(2Q} at 18 K in a 250 Oe field. Only
half of both thicker and thinner Co layers would already bethe R™~ (dark squarésand R** (open circley reflectivities are
oriented along any given field direction. Thus, as each difshown. (The SF reflectivities are effectively at the background
ferent layer thickness flips, the changes in magnetizationtevel) The magnetization profile for the Co layers that is shown in
should be only about half as large as when the same laye#8e bottom graph was obtained from the fit. The apparent differ-
flip after the sample has been taken to saturation. These af8ces in moments in the thin and thick layers are explained in the
the behaviors seen in Fig. 8. text.

n

—_

o

'
-

Co Magnetization (u/atom)
(=]
g

field cycling, the reversal of the Co moment directions for
the thick and thin layers thus occurs via domain formation,
PNR data generally support this picture of randomly ori-rather than moment rotation within the sample plane.
ented, micron-sized domains within the sample plane that Figures 10 and 11 show the NSF specular reflectivity
become single domains in a saturating field. We examined agdata and corresponding fits for the interleaved and sepa-
interleaved sampléCo(6)/Cu(20)/Co(1)/Cu(2Q} and a rated samples, respectively, in a field of 250 Oe. In Fig. 10
separated sampl€Co(6)/Cu(20)g[Co(1)/Cu(20)g with  the data for the interleaved sample are dominated by super-
magnetoresistance and magnetization behaviors similar tattice peaks above the critical angle@#t0.21, 0.32, 0.44,
those shown in Figs. ibottom) and 7, respectively. After 0.58, 0.71, 0.85 nm'~2m7m/D, whereD=45.4 nm is the
cooling in zero field and saturating in a field 82000 Oe, multilayer repeat length aneh is an integer(Note that this
we reversed the field and obtained the reflectivity of bothapproximation does not explicitly hold for the peaks at low
samples in a field of 250 O@vhich coincides with the peak Q due to dynamical effectsln contrast, théR ™~ data for the
in the magnetoresistance of the interleaved sampled in  separated sample in Fig. 11 show superlattice peakd at
fields of 74, 114, and 725 Oghe latter two of which are  =0.29,0.52,0.76 nm*~27m/D,, whereD,=24.6 nm, and
near the two peaks in the magnetoresistance of the separaté® R™ * data have superlattice peaksQ@#0.35, 0.64, 0.95
sampl@. These results were compared to the reflectivity dataim™*~27m/D,, where D,=19.6 nm. D, and D, corre-
measured in a saturating field,>1600 Oe. The data ob- spond to the repeat lengths of the thick- and thin-layer parts
tained at all of these fields were characterized by the absenes the multilayers, respectively, within the separated sample.
of specular spin-fligSF) scattering. This result indicates that The superlattice peaks for each multilayer appear in different
after saturation the Co moments are aligned either parallel aeflectivity cross sections because the thin Co layers are
antiparallel to the applied field direction at all fields. Upon aligned opposite to the 250 Oe field while the moments in

3. Polarized neutron reflectivity results
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samples are only slightly reduced from their 2000 Oe satu-
ration values, suggesting that small in-plane domains form
within these layers as the field is raised toward its coercive
value.

Specular reflectivity data at 73, 114, and 725 Oe confirm
that the thin and thick Co layer moments reverse directions,
as expected, at different coercive fields. After saturation in
— 2000 Oe. the moments in the thick Co layers in both the
interleaved and separated samples start to reverse as the field
passes zero, reach a net valuevbf-0 at about 100 Oe, and
are fully reversed by 250 Oe. The behavior around 100 Oe is
evidenced, in part, by a large reduction of the fitted moments
for the thick Co layers compared to their saturation value, as
well as by an increase in the diffuse scatterifd\s stated
previously, this moment reversal occurs via the formation of

small, in-plane domains. Over this field range, the moments
in the thin Co layers remain parallel to the original field
direction. Those moments begin to reorient as the field rises
above 300 Oe, reaching ~0 at about 725 Oe, and do not
fully reverse until above 1000 Oe. Fits to the 725 Oe reflec-
tivity data for both the interleaved and separated samples
indicate that the Co moments in the thin layers, averaged
across the sample plane, are reduced from their saturation
value. The data thus suggest that the reversal of the thin Co
layer moments also proceeds via formation of small, in-plane
domains. The reflectivity data thus confirm that the peak/
plateau in the magnetoresistance of interleaved/separated
sample near 250 Ofigs. 1 and 2 is associated with an
aantiparallel alignment of the moments in the thin Co layers
relative to those in the thick Co layers. In contrast, the peaks
in magnetoresistance of the separated sample near 100 and
the R™~ (dark squargsand R** (open circle reflectivities are 725 Oe(Figs. 1 gnd 2 are assocu_:lted with the process of
shown. (The SF reflectivities are effectively at the background reversa! of th? tthKlOO Oe o.r thin (7,25 Og Co layers,
level) The magnetization profile for the Co layers that is shown in"€Spectively—i.e., with fully aligned thin Co layers at 100
the bottom graph was obtained from the fit. The apparent differO€ and thick Co layers at 725 Oe, but with the net magneti-

ences in moments in the thin and thick layers are explained in théations close to zero for the thick layers at 100 Oe or thin
text. layers at 725 Oe. The orientation and magnitude of the thin

and thick Co layer moments thus have a similar field depen-
the thick Co layers are aligned parallel to the fiegfth a  dence for both the interleaved and separated samples. Any
saturating field, both sets of superlattice peaks are evidemtnanticipated differences in magnetic structures between in-
only in theR™~ data) In general, the relative intensities of terleaved or separated samples in their nominal AP or P
the superlattice peaks in tie" " andR~ ~ data are sensitive states appear too small to explain the differences between the
to the magnitude and orientation of the moments in the thirmagnetoresistances in Figs. 1 and 2.
and thick Co layers averaged across the sample plane. The The PNR data also provide information about the mag-
magnetization profiles at the bottom of Figs. 10 and 11 wergetic structures of the samples in their as-prepared states.
generated from the fits to the corresponding PNR datafigure 12 shows the specular and diffuse reflectivity data for
Consistent with the magnetization resulf&g. 7), our fits  the separated sample. TR * andR™ ~ data show struc-
reveal that the Co moments in the thin and thick layers aréural superlattice peaks &@=27m/D;=0.29, 0.52, 0.76
aligned AP to each other for both samples at 250 Oe, asm * from the thick-layer part of the multilayerD(
represented schematically in Fig(‘@&fter H."). The appar- =24.6 nm) and peaks a@@=2mm/D,=0.35, 0.64, 0.95
ent moments in the thin Co layers, however, appear to bem ! (D,=19.6 nm) from the thin-layer part of the
substantially smaller than those in the thick Co layers. Thisnultilayer. Unlike the data of Fig. 11, the NSF reflectivities
illusion occurs primarily because the fits are sensitive to theare not split and provide no direct information about the
structural interfacial roughness averaged across the sampteagnetic structure. However, the magnetic SF data show
plane, which exceeds the 1 nm thickness of the thin layerbroad features near these same positions indicating that some
along the growth direction. In reality, the moments in bothfraction of the sample with in-plane domain sizes larger than
the thick and thin layers saturate in a field of 2000 Oe t0l00 um is ordered with moments in the thick Co layers
almost 100% of the bulk Co value. In a field of 250 (Bégs.  aligned antiparallel to those in the thin Co layers. This is
10 and 1}, the magnetizations of the thin Co layers in bothcomparable to the magnetic structure shown in the bottom

0 100

200
Depth (nm)

300 400

Co Magnetization (u/atom)

FIG. 11. Specular neutron reflectivity data and fits plotted as
function of the wave vectorQ, of a separated sample
[Co(6)/Cu(20)4 Co(1)/Cu(20)g at 18 K in a 250 Oe field. Only
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T T T T B. Magnetoresistance

If t/N\ is the controlling parameter in the differences be-
tween interleaved and separated samples in Fig. 1, then
greatly increasing it in either the F or N metal should cause
the data for separated samples to approach those for inter-
leaved ones, provided th&f remains long enough. To test
this expectation we replaced Cu by @&%Ge hereafter just
. CuGe, which has shorkcyge~8 nm®6 but long 15"¢®
y ~130 nm!® For tc,g=20 nm and 40 nmFigs. 2, 3 and

Ref. 13, the ratiostcyge/Ncuge @re 2.5 and 5. Fotgyge
’% % =20 nm andN=2 (Fig. 3), the ratiot;/I$"®%<1, wheret;

=60 nm is the total CuGe thickness between outer Co lay-
- ers. Fortg,ge=10 nm andN=3 (Ref. 13, t;/15"°%<0.4 is
even smaller. Figure 4 and Ref. 14 showed further that the
differences were not reduced by increasing the layer-
«. R~ + R" . thickness to mean-free-path ratios in all three layers by more

than a factor of 10, by also replacing the 1 nm thick Co
E§ $¢$§ g 1 layers by 30 nm thick Py layers and the 6 nm thick Co layers
¢

Log, ,(Reflectivity)

i by 15 or 30 nm thick CoZr layers.
H *ti From these results, we conclude that the rétio is not
‘%‘ 1 driving the differences between interleaved and separated
m % é Tiwm ({ data—there are no “mean-free-path effects” of the kind de-

scribed in Ref. 10. We already noted in Sec. Ill that the

Log,(Intensity cts/30 s)
s

A S | R N SR T S TR differences in magnitudes of the data for Cu and CuGe in-
0.0 0.2 0.4 0.6 0.8 1.0 1.2 serts can be mostly explained by the different values of
4 AR(AP) [see Egs(1) and(2)]. Any residual differences can
Qz(nm ) presumably be ascribed to effects of finlitenot included in
Egs.(1) and(2).

FIG. 12. Specular and diffuse reflectivity data for the separated We next ask what contribution to the data of Figs. 1 and 2
sample [Co(6)/Cu(20)¢[Co(1)/Cu(20); at 18 K in the as- can come from VF theory with finite bulk spin-diffusion
prepared state. The data were obtained i3 Oeguide field. The lengths,|, for Co, Cu, and CuGe. Published estimates of
R™" (dark squargs R (open squargsR" ™ (dark circle, and  |€° jie in the range 68 20 nm?"?® For Cu, we estimated
R™* (open circle} reflectivities are all shown. The diffuse data |Cu__ 500 nm?o with uncertainty from 400 nm to m. For

have not been corrected for polarization efficiencies. The verticaE‘fuGe we estimatedCi®= 130+ 30 nm from the data of
sf - —

dotted lines mark the superlattice peaks in the diffuse data. Ref. 9. For quantitative comparison of separatsep and
interleaved(int) samples, we examine the ratid4R)ge/
half of Fig. 11. The as-prepared data also show substantigi\AR);,,. Experimentally, we takeAAR),, at the peak of
magnetic diffuse scatteringpottom part of Fig. 1Rindicat-  the interleaved data, and(AR)epat the plateau just beyond
ing that a different portion of the sample orders with in-planethe first peak of the separated data. The results tfor
ferromagnetic domains sizes smaller than 20018 Dis- =20 nm are shown as a function Nfin Fig. 13 for samples
tinct peaks are apparent @=0.22,0.42,0.65 nm*. These  with both Cu and CuGe. The predictions of VF theory for
magnetic peaks lie halfway between the structural superlathis ratio, assumind$°=60 nm, 15"=500 nm, andl$*©®
tice peaks in the NSF data @=2m7m/D,. The periodicity =130 nm are the dotted and long-dashed curves, with error
of this magnetic structure is thus double the periodicity ofbars showing the ranges of uncertainties due to the uncertain-
the thick part of the separated multilayer. The presence dfies inlg listed above. These two curves account for 20 to
these peaks indicates that some portions of the thick Co lays0 % of the observed differences between interleaved and
ers are magnetically ordered in small, ferromagnetic in-plangeparated samples. We, thus, disagree with Ref. 10 that finite
domains that are oriented antiparallel relative to each otheralues ofl ; are irrelevant to the differences in Fig. 1, but we
as depicted in Fig. ¢as-prepared). The in-plane direction agree that a further mechanism is needed to fully explain
of these domains is apparently random since the magnetitiose differences. To account for them Ky alone would
intensity is evenly distributed in the NSF and SF diffuserequirel $°~10 nm, a value that seems too short.
reflectivities. Unfortunately, neither the diffuse nor specular An intriguing possibility is spin-memory losgpin flip-
data provide any direct information about the magnetic orping) at F/N interfaces?**2°With no direct evidence for
dering of the thin-layer part of the separated multilayerssuch loss, our analysis must be indirect. We showed in Sec.
While the as-prepared magnetic structure is clearly a mixturéil C that modest spin-memory loss at F/N interfaces would
of several spin configurations, we can conclude that theiot destroy the agreement of published data with 2CSR and
sample partially orders in the antiparallel structure shown inVF models. We also recently showed that spin-memory loss
Fig. 9 (“as-prepared). can be large at N1/N2 interfaces; values for V/Cu, Nb/Cu,
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FIG. 13. (AAR)sey/ (AAR)iy; vs N. The dotted and long-dashed
curves for Co/Cu and Co/CuGe, respectively, are predictions usinz‘;;n e

. Co
VF theory with the parameters for Co/CiRef. 27 plus I dashed curves are prior fifRef. 27 assuming no spin-memory loss

_ Cu_ CuGe_ H indi-
=60 nm, | '=500 nm, and.Sf_ =130 nm. The v_erpcal_ bars indi at the Co/Cu interfaces. The solid curves just add an interfacial
cate the ranges of uncertainties due to uncertainties in these valugain memory loss o6, =0.25

= | - . .

of Ig. The short-dashed curve for Co/Cu and the solid curve for
Co/CuGe adds, =0.25 to the prior calculations. Now the error bars
indicate the ranges of predictions faf=0.25+0.1. For these sum of the spin-dependent mean-free paths, the effective

curves, the error bars due to uncertaintiegjrare smaller than the mean-free path related to the interface resistipitys essen-
symbols for the data. tially just the long one\| . From Eq.(10) of Fertet al.*? 1.
is related to the mean-free path for spin-orbit scatteNgg
and W/Cu ranged from~6%/interface for V/Cu up to by the expressionl=[NINNg/[3(A\{+\])]. Since\|
~60%linterface for W/C@® We attributed these losses to >7\|l , one obtain$'5f~ \/W If, from Ref. 31, we take
spin-orbit-induced spin flipping in high-resistivity interfacial )\ - 20\ ] (20 times the transport mean-free pathe obtain

alloys. Adding additional flipping due to magnetic disorder|l ~\! 20/ 1 ;
. . . T 1= N \20/(7X3)~\|. Our estimate then become§
{gr?;t)'gfg r—ﬁ?,ﬁg;grt FléNsslnterfaces could well enhance m'=t, /I'Sf=t, /)\|T=0.2, large enough to “justify” our experi-
Th(le shg:t-dashedycurve. for Co/Cu and the solid curve fopwental estimate 0b~0.25.
(b) As noted in Sec. Il C, adding an interfacidl=0.25

Co/CuGe in Fig. 13 show our calculations 0AAR),/ S ; . .
(AAR);, adding 8, = 0.25 to the spin-diffusion lengths listed _has r_mmmal efiect oRAR for simple F/N m_ultllayers with
identical F layers, or for interleaved multilayers. Such an

above. The uncertainties in these curves due to thodg in addition can. however. affe®AR in exchange-biased spin
are no larger than the sizes of the symbols for the data. Th\(/aalves(SV’sf In an ear7lier anéf we re orte%l that data Eor
uncertainty bars shown for these curves are &pr0.25 F : bap P

FIG. 14. AAR vs t¢, for symmetric(filled triangles and asym-
tric (open circles Co/Cu exchange-biased spin valves. The

oth symmetri¢equal Co layer thicknesseand asymmetric
one Co layer thickness fixed and one variab{@o/Cu
exchange-biased SV’s fell below the values predicted using
nonadjustable, independently determined, CPP-MR param-
eters for Co, Cu, and Co/Cu interfaces. Figure 14 shows

+0.1. We conclude this discussion of spin-memory loss a
Co/Cu interfaces bya) arguing that the loss observed is
plausible if the interface is viewed as a random alloy of Co
and Cu andb) showing that some previously published data

prowd\edelr?ct stugpi);t /f;::r ?UCh loss. d Co-Cu 50-50 those data and those fitdashed curves We also notetf

I @ .i ers],.|rlr<1a o1 =1 Mg TOT anhassur.neﬂ. o-tu q > that most of the discrepancies could be removed by a com-
alloy with thicknesst, assuming that spin-flips are due 10 yn4iinn of modest variations in the assumed parameters plus
§p|n-orb|t scattering. Sl_nce the spin-orbit cross se(;tlon ‘?f CQorrections for failure to reach a fully AP state in the sym-
in Cu is rather uncerfa_l?’il, and we do not have reliable - qric Svs with thick Co layers. The solid curves in Fig. 14
formatu_)n aboqt the “size-effect” parametgi), (Ref. 15 show that an interfacial spin-memory loss &= 0.25 pro-
for the interfacial alloy, we must make assumpt|or21$. We asyiqes an alternative possible explanation. These cuiaes
sume thatp'):" has the2 typical Vald*é pih=1 an; »and  he yncertainty bars showwere calculated using exactly the
thatp,t, =ARcocf1—77), whereAReqc,=0.5 dm™is the  same parameters as for the dashed curves, but simply adding
measured Co/Cu interfacial resistafid@ividing the second interfacial spin-memory loss 06,=0.25+0.1. This com-
relation by the fIVISt, we find, /\;~0.2. To calculates,, we  pletely nonadjustable procedure fits both sets of data surpris-
must relatex, to l;. To do so, we assume that the minority jngly well.
and majority mean-free paths in the interface have the ratio For completeness, we also consider measurements of the
set by our measureg for Co/Cu interfaces—i.e., that/  CIP MR’s of interleaved and separated Co/Cu multilayers. If
and \{ are related by\|/\{=ARLyc/ARLyc=(1+7)/  mean-free paths were the dominant length scales in both the
(1—y)=7 (Ref. 6. Since the transport mean-free path is theCIP and CPP MR’s, the two might be expected to show
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FIG. 15. Comparison of CPP MR and CIP MR for separated and -1000-500 0 500 1000

interleaved Co/Cu multilayers. Symbols and curves have the same H(Oe)

meanings as in Fig. 1. The open squares for the separated CPP-MR
were noisy, as shown by the fluctuations in the pointsHer 200
—500 Oe. To reduce uncertaintyldt=0, that square is the average
of six very low field measurements. All other points are single
measurements.

FIG. 16. AR(H) vs H at 4.2 K for interleavedtop) and sepa-
rated(bottom multilayers of Co/Ag withN= 8. The scale units for

this pair of samples are identical. The open squares and dashed
curves show howAR(H) varied when first taken from the as-
prepared state to the saturated state. The filled circles and solid

. . . aurves show how it varied after having been taken to saturation.
similar differences between interleaved and separate

samples. Indeed, we previously reported similar differences
for [Py/Ag/Co/Agl multilayers!! but attributed them to dif- (3) Showed that the differences remain unchanged, or
ferent underlying physics, mean-free-path limitations foreven increase, when the Co layers are replaced by Py and
CIP, as noted in the Introduction above, and spin-diffusionCoZr layers for whickt/\ increases by more than factors of
length limitations, mostly in the Py, for CPP. Figure 15 10. This result is further evidence that the CPP-MR scaling
shows that we find similar differences in the CIP MR’s andlengths are spin-diffusion lengths, not mean-free paths.
CPP MR’s for Co/Cu multilayers. Again, we attribute them  (4) Used both magnetization and polarized neutron reflec-
to different physics—the CIP MR’s to expected mean-freeivity measurements to show théd) our samples do reach
path effects there, and now the CPP MR’s to a combinatiorglosely antiparalle(AP) states and at the same fields for both
of spin-memory loss in the bulk materials and at the interinterleaved and separated samples @dny unwanted dif-
faces as argued above and in Refs. 13 and 14. ferences between the magnetic structures of interleaved and
Lastly, to see if the results of Fig. 1 are highly sensitive toseparated samples are small.
details of the mutual solubilities and band structures of the F  (5) Showed that the CPP MR’s in the as-prepared states of
and N metals, we checked the differences between inteseparated samples are as large as those at the peaks of inter-
leaved and separated samples with Cu replaced by Ag, whideaved samples. We attribute this result to magnetic struc-

is insoluble in Co. Figure 16 shows data similar to those irtures of the separated samples in the as-prepared state in
Fig. 1. which magnetizations of adjacent layers are reversed, as dis-

tinct from the state where the magnetizations of thick and
thin layers are reversed. This result confirms the argument in
Ref. 10 that the magnetic order of adjacent layers in sepa-
In this paper we have done the following. rated samples is crucial. We showed that the specific model
(1) Confirmed the differences in CPP MR reported in Ref.associated with that claim is essentially equivalent to(8p.
10 for interleaved[Co(6)/Cu(20)/Co(1)/Cu(2Q)} and above, which extends VF theory to include interfacial spin
separated [ Co(6)/Cu(20)y[Co(1)/Cu(20)y multilayers  flips. We dispute the claiffithat such a model is “nonlocal,”
after they are taken to above their saturation fields, an@rguing that it is the most local model that gives a CPP MR.
showed that the differences persist in samples with repeat (6) Confirmed the claiff that the best available spin-
numbers as small a8=2. diffusion lengths in Co and Cu are too long to fully explain
(2) Showed that the differences in CPP MR remain essenthe observed differences in CPP MR between interleaved and
tially unchanged when Cu is replaced by (€®0Ge with separated samples, but showed that these lengths are short
thicknesses that increase the ratig/A ¢, of mean-free path enough to account for part of those differences.
to layer thickness in the Cu from about 1/5 to 5, while still ~ (7) Argued that the rest of the differences can plausibly be
leaving the spin-diffusion length long. We infer that mean-attributed to spin flipping at Co/Cu interfaces with spin-
free paths are not scaling lengths in the CPP MR of preseritipping parameters,=0.25, and showed that the same
day samples. amount of flipping:(a) can resolve discrepancies between

V. SUMMARY AND CONCLUSIONS
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predictions and previously obtained data on Co-Cumportance of spin flipping at F/N interfaces, Ref. 10 must
exchange-biased spin valves affy) is consistent with a be given credit for having led the way to this possibility. If,
simple estimate of effects of spin-orbit scattering in an inter-on the other hand, spin flipping at interfaces is not the source
facial layer composed of a Co-Cu alloy. of the differences, then this source remains unclear, although
(8) Showed that the differences between interleaved andhean-free-path effects seem ruled out. The use of the 2CSR
separated states are similar in the CIP and CPP MR'’s, abnd VF models in most published work on the CPP MR still
though we interpreted the two cases differently. seems justified, although if interfacial spin flipping at F/N
(9) Showed that similar differences between interleavednterfaces is eventually confirmed, some parameters may
and separated states persist when the Cu is replaced by Agged to be slightly modified.
which we take as evidence that the differences between sepa-
rated ar_ld interleaved samples are not sensitively dependent ACKNOWLEDGMENTS
on details of mutual solubility or band structures.
We conclude that the observati8rof differences in CPP This work was supported by the MSU CFMR, CSM, U.S.
MR between interleaved and separated samples of Co ardSF Grants No. DMR 98-20135 and 98-09688, and Seagate
Cu has been highly stimulating. If future work confirms the Technology.
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